Abstract: This research investigates the behavior of sand reinforced with polypropylene fiber. To do this, 40 direct shear tests and 40 triaxial tests were performed on the coastal beaches of Babolsar, a city in the North of Iran. The effect of parameters such as fiber content, length of fiber and normal or confining pressure on the behavior of Babolsar sand have been studied. In this study, four various fiber contents (0, 0.25, 0.5 and 1 percent), three different lengths of fiber (6, 12 and 18 mm) and four normal or confining pressures (50, 100, 200 and 400 kPa) have been employed. The test results show that fiber inclusion has a significant effect on the behavior of sand. In both direct shear and triaxial tests, the addition of fibers improved shear strength parameters (C, φ), increased peak shear strength and axial strain at failure, and also limited the amount of post-peak reduction in shear resistance. The comparison of the test results revealed that due to better fiber orientation toward the direction of principal tensile strain in triaxial test as compared to direct shear tests, the fiber efficiency and its effect on soil behavior is much more significant in triaxial specimens.
Introduction
Soil is highly resistant to compression and shear, but it is extremely weak in tension. Reinforced soil as a combined construction material contains elements with ten-sile strength that serve to bear tensile forces. For a long period of time, man has been using reinforced soil to build various constructions. In Iran, thatch, prepared from the mixture of cohesive soil and straw, has been prevalent as a building material since ancient times. The remaining houses and walls with thatch attest to this historical fact. Earth reinforcement is being used as a reliable and effective technique in enhancing the strength and stability of soil masses nowadays. Traditional geosynthetics, such as geotextile, geogrid, etc. have proven to be efficient, and they are being increasingly used in geotechnical engineering and other fields. In the past three decades, the use of discrete randomly distributed fibers has increased markedly as a new means of soil reinforcement. One of the primary advantages of randomly distributed fibers is the absence of potential planes of weakness that can develop parallel to oriented reinforcement. The use of discrete randomly distributed fiber is a mimic of the behavior of plant roots that leads to an improvement in the strength and stability of near surface soil layers. Discrete fibers are easily added and mixed with soil. They create isotropic strength and restrict the formation of potential planes of weakness that can develop parallel to oriented reinforcements. Improved understanding of the behavior of fiber-reinforced soils has led to an increase in use of such materials in many geotechnical applications, some of which include slope stabilization, foundations, and earth retaining walls.
Many laboratory studies examining the behavior of soil reinforced with discrete randomly distributed fibers have been reported in the literature (see, e.g., ). Almost all results presented in the literature indicate that fiber inclusion enhances the peak shear strength of soils. Furthermore, results suggest that fiber reinforcement increases the ductility and strain at failure, and decreases the amount of post-peak reduction in shear resistance. Below, the results of a number of laboratory tests conducted by researchers are reviewed.
Maher & Gray [1] performed laboratory triaxial compression tests to determine the static stress-strain response of sands reinforced with discrete randomly distributed fibers. The test results revealed that the failure envelope in triaxial compression tests were either curvedlinear or bilinear, with the transition or break occurring at a confining stress, called the critical confining stress, σ crit . In addition, the absence of potential planes of weakness was confirmed in their research as one of the primary advantages of discrete randomly distributed fibers. To study the strength behavior, Michalowski & Zhao [4] carried out a number of drained triaxial tests on fiberreinforced soil. They concluded that addition of fiber leads to an increase in peak strength and a decrease in postpeak reduction in shear resistance. Adding discrete fibers to cemented soil and performing triaxial compression tests on the mixture, Consoli et al. [6] found out that fiber reinforcement increases both peak and residual strength, and changes the brittle behavior of cemented soil to a more ductile one. After performing undrained triaxial tests on soil reinforced with natural sisal fibers, Parabakar & Sridhar [9] concluded that fiber reinforcement enhances the shear strength of the mixture. Michalowski & Cermak [8] studied the effect of fiber orientation on the performance of reinforced soil mixture. They reported that the contribution of fibers in the resistance of the mixture is maximized only if the fibers are located parallel to principal tensile strain direction. Diambra et al. [14] reported that most common techniques of preparing reinforced specimens, like moist tamping, lead to sub-horizontal orientation of fibers. Tang et al. [21] conducted single fiber pull out tests to study the interfacial shear strength of polypropylene fiber reinforced soil. They suggested that interfacial mechanical interaction between reinforcement and soil particles is a key factor in controlling the engineering properties of reinforced soil. The test results showed that the interfacial peak strength and interfacial residual strength of fiber/soil increase as soil dry density increases, and decrease as water content decreases. Sadek et al. [20] carried out a number of direct shear tests on both fine and coarse sand reinforced with three kinds of fibers and reported that fiber inclusion increases shear strength and ductility. They also observed that by adding fibers, vertical displacement during shearing increased for both coarse and fine sand.
Many geotechnical constructions are in plane strain loading conditions. Direct shear test results are close to plane strain conditions, but the triaxial test, due to the controlling of the drainage conditions and the measuring of the water pore pressure, is more suitable and more used in practice. The parameters needed for the geotechnical constructions in plane strain conditions will be estimated more reasonably if a correlation can be achieved between the two tests. On the other hand, direct shear test results can be used for some minor structures in axisymmetric loading conditions for which the triaxial test is more difficult and more expensive. To date, despite many laboratory investigations on discrete fiber-reinforced soil, there is still a lack of literature comparing strength parameters for soil reinforced with discrete randomly distributed fibers in direct shear and triaxial apparatus. In this research, we closely examine the effects of fiber reinforcement and effective parameters such as fiber content, fiber length, normal or confining pressure on the behavior of sand in Babolsar beaches and its strength parameters.
Material and experimental procedure
In order to study the effect of test parameters on the mechanical behavior of unreinforced sand and polypropylene fiber reinforced sand, 40 direct shear tests and 40 triaxial tests were performed. The test parameters included confining pressure, fiber content, and length of fiber, summarized as follows: Confining pressure was chosen according to the practical loading conditions, and the range of pressures that we considered is that which in practice occurs in most geotechnical constructions. In addition, we endeavored to study a range of confining pressure so that the correct shape of the failure envelope could be obtained. The fiber content and fiber length were chosen based on the amounts used in previous research as well as the possible values in a homogeneous mixture.
Test materials

Sand
The sand used in this study was the coastal sand of the Caspian Sea (in the city of Babolsar, located in the North of Iran). Fig. 1 shows the location of Babolsar city. The grain size distribution of Babolsar sand is presented in Fig. 2 .
The sand consists of fine, uniform, clean, and subrounded to subangular particles. It was classified as SP in the unified soil classification system. The physical properties of the sand are presented in Table 1 .
Polypropylene fibers
Polypropylene fibers were used as reinforcing elements. Some properties of the fibers are summarized in Table 2 .
Sample preparation
The content of fiber (ρ f ) is defined herein as the ratio of the weight of fibers to the weight of dry sand. As mentioned before, the different values employed in this study for ρ f are 0, 0.25, 0.5, and 1. Due to the occurrence of segregation, it is impossible to mix dry sand and fiber. Therefore, a controlled amount of water was added to the sand first, then mixing was performed by means of an electrical mixer. As all the tests in this research were performed on dry specimens, the samples were placed in a 105 ∘ C oven for 24 hours. All test specimens were prepared at 70 percent relative density. Direct shear specimens were prepared with a dry tamping technique in a shear box. In this research, a direct shear apparatus with a 60 × 60 mm shear box was used. Triaxial specimens (diameters of 38 mm and height of 78 mm) were made in five layers in a split mold. A 3 kPa suction was applied to the top of the specimen before detaching the mold to maintain the stability of the dry sand specimen. The displacement rates were respectively 1 and 0.35 mm/min in the direct shear and triaxial tests. All the tests were continued up to a strain level of 20%. We considered and applied cell expansion, cross sectional area, membrane force and membrane penetration corrections. 
Test results and discussions
In this section, the results are presented as follow:
Stress-strain behavior
We present here a number of stress-strain curves obtained from direct shear and triaxial tests, and we discuss the general mechanical behavior of the reinforced sand. In the following sections, each characteristic of sand behavior is presented and discussed in detail.
The stress-strain curves of unreinforced sand, obtained from direct shear tests, are illustrated in Fig. 3 . In addition, a number of stress-strain curves of reinforced sand are given in Figures 4 and 5 for comparison. These figures show that fiber inclusion increases the peak shear strength. This is due to physical interaction between soil particles and fiber. Because of the existence of a frictional force in the fiber-soil interface, it becomes difficult for the fibers to slip within the soil matrix (this is more noticeable in the higher normal pressures) and, as such, they are able to bear tensile stresses. This consequently leads to an increase in soil strength and improvement in its mechanical behavior. Another effect the fibers have on soil behavior is to reduce the loss of strength post-peak. Figure 5 shows that by further increasing the fiber length (FL), the loss of residual strength becomes more limited. This is due to the fact that longer fibers are less likely to slip in the soil matrix, resulting in an enhancement in their performance. In addition, fiber inclusion increases strain at failure. However, fiber inclusion proved ineffective in increasing or decreasing soil stiffness in the direct shear tests. The stress-strain curves of unreinforced and reinforced Babolsar sand, obtained from triaxial tests, are illustrated in Figs. 6 to 9. These figures indicate that fiber inclusion remarkably increases peak strength, residual strength and strain at failure. The comparison between direct shear and triaxial tests (Figs. 3-5 and Figs. 6-9) suggests that the stress-strain behavior is influenced by fibers more significantly in the triaxial specimens. The addition of fibers also increases the stiffness of triaxial specimens.
The study of Figs. 6 to 9 shows that increasing fiber content leads to an enhancement in peak strength, which has a constant rate, and in some cases an increasing rate. Specifically, we observe that: (1) the increase in fiber content resulted in a noticeable increase in residual strength and strain at failure, (2) peak strength, residual strength, and strain at failure increase with increasing fiber length, (3) the rate of increase in strength remains nearly constant with increase in fiber length. Certainly, improvement in material ductility is one of the principal advantages of fiber reinforcement. In addition, the reinforced samples exhibit a greater stiffness compared to corresponding unreinforced samples. This may be attributed to the fact that the tensile strength of reinforcements results in an equivalent confining pressure, which leads to ∆σ 3 increase in confining pressure. Since the stiffness of sandy soil is related to confining pressure, increasing confining pressure results in an increase in stiffness. The stiffness increases with increasing fiber content and fiber length. As mentioned before, fiber inclusion proved ineffective in increasing or decreasing stiffness of direct shear specimens.
Upon comparison with the results of direct shear tests, it can readily be seen that the effectiveness of fiber reinforcement in the triaxial samples is more noticeable than it is in direct shear samples. For example, in the case of the direct shear sample reinforced with 0.25 percent 12 mm fibers, tested at 50 kPa normal pressure, the peak strength ratio (peak strength of reinforced sample/peak strength of unreinforced sample) is 1.29 whereas for the same triaxial specimen the ratio is 2. For the specimen reinforced with 1 percent 18 mm fibers, tested at 50 kPa normal or confining pressure, the values are 1.38 and 4.61 respectively.
Previous investigations concerning reinforced soil show that the angle of fiber orientation with respect to the direction of principal tensile strain is the source of the gain in peak strength ratio discussed above. Diambra et al. [14] reported that the most common procedures for preparing reinforced samples, such as moist or dry tamping, lead to preferred sub-horizontal orientation of fibers. In addition, as mentioned before, the contribution of fibers in improving the composite is maximized only if the fibers are located parallel to principal tensile strain direction [8] . In the direct shear tests, the direction of principal tensile strain is located at almost 60 ∘ toward the shear plane, as confirmed by Gray and Ohashi [1] . Based on what we demonstrated above, we can state that the sub-horizontal orientation of fibers in the direct shear tests results in an inefficient performance of these inclusions, whereas in the triaxial compression tests, the direction of principal tensile strain is horizontal which is parallel to the orientation of fibers in the specimens prepared with the dry tamping technique. This distinction leads to superior fiber performance in triaxial specimens.
Effect of fibers on peak strength
The influence of normal pressure and fiber content on the the peak strength ratio of reinforced sand in direct shear tests is presented in Tables 3-5 for direct shear tests. As can be seenshown in the tables, the peak strength ratio a) decreases as normal pressure increases and b) increases as fiber content increases. This is due to the fact that unreinforced soil itself has high strength under high pressures. Therefore, in comparison with the soil under lower normal pressure (and hence with lower strength), adding fiber to such soil results in lower peak strength ratio. Another reason is that the decrease in interaction between the fiber and sand correlates with the increase in confining pressure. In addition, a comparison of the values in Tables 3-5 indicates that increasing the length of fiber results in enhancement of peak strength ratio. For example, for the direct shear sample reinforced with 0.25 percent 6 mm fibers, tested at 50 kPa normal pressure, the peak strength ratio is 1.24, whereas for the specimens reinforced with 12 and 18 mm fibers of the same percentage, the values are 1.29 and 1.36 respectively.
The effect of the confining pressure and fiber content on the the peak strength ratio of reinforced soil for triaxial tests is summarized in Tables 6 to 8. We observe that the peak strength ratio a) decreases with an increase in confining pressure and b) increases with an increase in fiber content. Additionally, increasing the fiber length results in enhancement of the peak strength ratio. For instance, for the triaxial sample reinforced with 0.25 percent 6 mm fibers, tested at 50 kPa normal pressure, the peak strength ratio is 1.54, whereas for the specimens reinforced with 12 and 18 mm fibers of the same percentage, the values are 1.99 and 2.70 respectively.
By comparing Tables 3-5 and Tables 6-8 , we can see that fiber reinforcement is much more effective in the triaxial specimens, in contrast with the direct shear samples. For example, the value of peak strength ratio for direct shear reinforced specimen with one percent 12 mm fibers, tested at 100 kPa normal pressure, is 2, whereas for the same specimen in the triaxial test, it is 3.91.
Effect of fiber on soil ductility
The test results reported in previous sections proved that fiber inclusion leads to an increase in residual strength. Herein, coefficient of brittleness is defined as a criterion for soil ductility. The coefficient of brittleness is the ratio of peak strength minus the residual strength to peak strength. The closer the coefficient is to zero, the more ductile the behavior of the specimen Fig. 10 shows the effect of fiber content on the coefficient of brittleness in direct shear tests. As shown in the figure, the coefficient of brittleness decreases with an increase in fiber content and fiber length, which represents the decrease in loss of strength.
Like the direct shear results, the results of triaxial tests show an increase in residual strength due to fiber reinforcement. With increasing fiber content, the coefficient of brittleness decreases significantly. In addition, the coefficient of brittleness decreases with an increase in fiber length and confining pressure. Upon comparison with Fig. 10 , we observe that the effect of fiber inclusion on the coefficient of brittleness is much more noticeable in triaxial tests. Fig. 12 shows the effect of fibers on the strain at failure obtained from direct shear specimens. The figure indicates that fiber inclusion slightly increases the strain at failure. An increase in fiber content, fiber length, and confining pressure results in an increase in strain at failure. Generally, the amount of increase in strain at failure is not very significant and there is no distinct, consistent trend.
Effect of fibers on strain at failure
The triaxial test results revealed that fiber inclusion has a noticeable influence on the specimens' strain at failure. The effect of fiber on the strain at failure is illustrated in Fig. 13 . As shown in the figure, by increasing fiber content and fiber length, the strain at failure continues to increase in a consistent manner. Moreover, the test results suggest that specimens under higher confining pressures exhibit greater strain at failures.
The comparison between the results of direct shear tests and triaxial tests demonstrates that the effect of fiber inclusion on the strain at failure is more pronounced in the triaxial specimens. For example, the direct shear sample reinforced with 0.5 percent 12 mm fibers, tested at 400 kPa normal pressure, fails at the strain of 5.33% (the strain at failure of corresponding unreinforced specimen is 4.33%), whereas the same triaxial specimen fails at a strain of 11.84% (the strain at failure of corresponding unreinforced specimen is 5.26%). As previously mentioned, this is influenced by the better fiber orientation in triaxial tests.
Effect of fibers on volumetric behavior
Typical normal strain-axial strain curves obtained from direct shear tests are provided in Fig. 14. As anticipated, the volume of unreinforced and reinforced specimens decreases slightly during the initial shear. (The positive sign of normal strain indicates dilatancy). As shearing advances, the behavior is reversed and specimens show an increase in volume. In addition, under higher normal pressures, the unreinforced and reinforced specimens exhibit less volumetric expansion. The results reveal that the reinforced specimens show more normal strains compared with that of unreinforced samples. Further, normal strain increases with the increase in fiber content and fiber length, in agreement with the results reported by Sadek et al. [20] ; unlike most test results reported in the literature, which demonstrate a tendency in the dense fiber-reinforced specimens to suppress dilation, their test results showed that fiber inclusion increased normal strain during shear. Fig. 15 shows the volumetric strain versus axial strain curves obtained from triaxial tests. We observe that unlike the results of direct shear tests, fiber inclusion resulted in less dilation of triaxial samples. This observation may be justified by the confinement enhancement introduced by fiber reinforcement, as noted earlier. An increase in fiber content and fiber length brings about a reduction in dilation, the amount of which is not very distinct.
It could be postulated that since the fibers are not oriented in the direction of principal tensile strains in the direct shear tests, significant tensile forces are not mobilized within fiber inclusion. Consequently, the confinement enhancement introduced by fibers is not significant enough to prevent dilation. However, in the triaxial tests, the orientation of fibers toward the principal tensile strains, results in notable confinement enhancement, which in turn inhibits dilation.
Effect of fiber on strength parameters
Typical failure envelopes of unreinforced and reinforced sands are illustrated in Fig. 16 for direct shear samples. The figure shows that with increasing fiber content, the failure envelope moves upward. In other words, at a constant normal pressure, peak shear strength increases with the increase in fiber content. Failure envelopes for all the direct shear samples are linear. This is due to the fact that only a small number of fibers fail through the slipping mechanism. According to the literature, the fiber bond strength is affected by factors such as grain size, water content, and dry density of soil. Accordingly, finer sand is of much higher fiber bond strength, and therefore, is less likely to fail through the slipping mechanism, compared with coarse sand [29] . Moreover, Tang et al. [21] conducted a number of single fiber pull-out tests and reported that interfacial peak strength and interfacial residual strength increase with an increase in dry density of soil, but decrease with an increase in water content [7] . In this research, the sand was fine grained (with a mean grain size of 0.19 mm), and specimens were prepared at a high relative density (70%) under dry conditions. The combined effect of the aforementioned contributing factors resulted in fiber's significantly high resistance to slippage. The values of shear strength parameters obtained in the direct shear tests are summarized in Table 9 . From the data, we see that angle of internal friction and cohesion increases with an increase in fiber content and fiber length. Fig. 17 shows a typical failure envelope for unreinforced and reinforced triaxial specimens. Like the direct shear tests, the failure envelopes are linear in triaxial specimens and move upward with an increase in fiber content.
The values of shear strength parameters obtained in triaxial tests are summarized in Table 10 . The table shows that fiber inclusion significantly improves shear strength parameters.
Comparison between the direct shear and triaxial test results demonstrates that the role of fibers in improving shear strength parameters is much more significant in triaxial compression than in direct shear. For example, for the direct shear sample, the internal friction angle increased from 40 ∘ to 45 ∘ by adding one percent of 6 mm fiber, whereas for the same triaxial specimen, the value increased from 38 ∘ to 50 ∘ .
The cohesion has proved to be larger in the triaxial reinforced samples than in the corresponding direct shear ones. For example, for the direct shear specimens reinforced with one percent of 6, 12, and 18 mm fibers, the values of cohesion are 13, 14, and 20 kPa respectively, whereas for the same triaxial ones the values are 17, 32, and 43 kPa.
Generally, as mentioned before, it can be concluded that the triaxial specimens reinforced with discrete fibers, prepared with the dry tamping technique, have a better performance during loading, compared with the corresponding direct shear specimens, since the majority of the fibers are oriented in a direction close to that of the principal tensile strain.
Conclusions
In this paper, the results of direct shear tests and triaxial tests carried out on dry beach sand reinforced with discrete randomly distributed polypropylene fibers. The following are the main conclusions that have emerged from the study:
1. In both direct shear and triaxial tests, fiber inclusion resulted in an increase in peak and residual strength. If normal or confining pressure remains the same, peak strength increases with an increase in fiber content and fiber length. Peak strength and residual strength improvement are much more significant in the triaxial tests than in the direct shear tests. 2. Since in the dry tamping technique, the fibers are of a sub-horizontal orientation, which is almost parallel to the direction of principal tensile strain in the triaxial compression tests, fiber reinforcement is much more effective in triaxial tests than it is in direct shear tests. (In the direct shear tests, the principal tensile strain angle is 60 ∘ with respect to the shear surface, which is horizontal). 3. In both direct shear and triaxial tests, fiber reinforcement resulted in an increase in strain at failure. However, in the triaxial tests, the increase in strain at failure was much more noticeable. The strain at failure increased with an increase in fiber content, fiber length, and normal or confining pressure. 4. In both direct shear and triaxial tests, adding fibers caused the coefficient of brittleness to decrease, corresponding to an increase in ductility. The effect of fibers on ductility was more pronounced in triaxial samples compared to direct shear ones. Increasing fiber content and fiber length reduced the coefficient of brittleness. 5. In the direct shear tests, fiber inclusion caused the dilatancy of samples to increase, which increased even more with an increase in fiber length and fiber content. In triaxial tests, however, adding fibers resulted in a decrease in dilatancy. 6. In the triaxial tests, the reinforced samples exhibited greater stiffness than unreinforced samples. The stiffness increased with an increase in fiber content and fiber length. However, the stiffness of direct shear samples was not affected by fiber reinforcement. 7. In both direct shear and triaxial tests, fiber reinforcement resulted in an enhancement of shear strength parameters. As fiber content and fiber length increased, so did the angle of internal friction and cohesion. The influence of fibers on the shear strength parameters was greater in the triaxial tests than it was in the direct shear ones. For example, for the direct shear sample, the internal friction angle increased from 40 ∘ to 45 ∘ after one percent of 6 mm fiber was added, whereas for the same triaxial specimen, the value increased from 38 ∘ to 50 ∘ . Finally, the failure envelopes were linear in both direct shear and triaxial tests.
